Congenitally athymic nude (nu/nu) mice of a BALB/c genetic background were found considerably more resistant to the induction of focal necrotic hepatitis by herpes simplex virus type 2 (HSV-2) than were phenotypically normal littermates (nu/+) or BALB/c mice. The augmented resistance was age dependent, as it was only manifested in mice from 4 to 5 weeks of age. Studies of the course of infection showed that nude mice were able to restrain virus multiplication in the liver far better than normal mice in the early phase of infection. However, they seemed inferior to normal mice in eliminating the infectious process. In vitro investigation of periteonal macrophages revealed that macrophages from 6-weekold nude mice exhibited accelerated spreading and were three times as restrictive in the replication of HSV-2 as macrophages from normal mice. However, no difference was found in the efficiency of adsorption/phagocytosis between macrophages from nude and normal mice. The increased resistance of nude mice could be abolished by blockade of the macrophage function of the mice by silica. Nude mice reconstituted at birth with thymus cells were just as susceptible to infection as normal mice. These data suggest that the increased resistance of nude mice to HSV-2 hepatitis is due to the presence of nonspecifically activated macrophages before infection.
Extensive studies of the mouse mutant nude with congenital absence of thymic tissue have revealed fundamental defects in the thymus-dependent immune functions of this animal (28) . It is widely accepted that nude mice, because of the immunodeficiency, are highly susceptible to bacterial and viral infections (25) . It was therefore very surprising to find these mice more resistant than normal euthymic mice of the genetic background strain to the induction of focal necrotic hepatitis by herpes simplex virus type 2 (HSV-2) (17) .
Since the resistance of mice to HSV hepatitis has been found to be correlated with the degree of restriction of virus replication in mouse macrophages in vitro (16, 18, 19) , the question of whether macrophages represent the cellular expression of the augmented resistance of nude mice to this infection was investigated. Recent reports on enhanced activity of macrophages from congenitally and induced thymus-deficient mice toward Listeria monocytogenes (5, 26, 29) , tumor cells (15) , and vaccinia virus (23) lend further support to a hypothesis of a crucial role of macrophages in the resistance of nude mice to HSV-2 hepatitis.
MATERIALS AND METHODS
Mice. Congenitally athymic nude (nu/nu) mice and phenotypically normal littermates heterozygous for the nu gene (nu/+) as well as normal inbred BALB/c/A/BOM mice were obtained as specificpathogen-free animals from the Gl. Bomholtgaard Laboratory Animal Breeding and Research Center, Ry, Denmark. A full description of the history of the nude mice used and the conditions of husbandry at GI. Bomholtgaard has been given by Rygaard (25) . Briefly, progeny of the "genuine Scotch stock" were obtained in 1969 from the Institute of Animal Genetics, Edinburgh, Scotland. At Gl. Bomholtgaard, a complete transfer of the nu gene to the BALB/c strain of inbred mice has been accomplished by 10 successive backcrosses of heterozygous male nu/+ mice to female BALB/c mice. The breeding unit, from which the mice used in this study were Virus. HSV-2, strain MS, used in this study has been described previously (21) .
In vivo experiments. Mice were inoculated intraperitoneally (i.p.) with 106 plaque-forming units (PFU) of HSV-2 in 0.1 ml of diluent. In most experiments, mice were killed after 4 days of infection by exsanguination under ether anesthesia. The course of infection was followed by killing mice at daily intervals after the infection. The number of liver lesions was graded semiquantitatively from 0 to 4: 0, no lesions; 1, <5 lesions; 2, 5 to <20 lesions; 3, 20 to <100 lesions; 4, 100 or more lesions.
Assay of organs for virus. Livers and brains collected aseptically were frozen at -70'C until homogenized individually to a 10% suspension in Eagle miinimum essential medium supplemented with 5% calf serum and antibiotics, using a Hannover homogenizer (Ernst Schutt, Jr.). After centrifugation at 4,000 x g for 30 min at 40C, the supernatants were titrated in human embryonic lung fibroblast cultures by a plaque method previously described (17) .
Histology. Liver specimens from exsanguinated mice were fixed in 4% Formalin. The fixed livers were embedded in paraffin, and histological sections were prepared and stained with hematoxylin-eosin at the Institute of Anatomy, University of Aarhus.
Infectious-center assay. The infectious-center assay used for the determination of virus replication in macrophages was described in detail earlier (16) . Briefly, unstimulated peritoneal resident cells were harvested by lavage of the peritoneal cavity of mice with RPMI 1640 medium containing 20% fetal calf serum, antibiotics, and 10 IU of heparin. The relative number of macrophages in the peritoneal lavage was determined in a fluorescent microscope by using cytoplasmic staining of lysosomes with acridine orange as the macrophage marker. The peritoneal cells were plated on plastic petri dishes (35 mm, Falcon) in a concentration of 5 x 105 macrophages per dish. The next day nonadherent cells were removed by washing, and the macrophages were infected with 5 x 106 PFU of HSV-2. After 60 min of adsorption, the nonadsorbed virus was removed by washing and HSV-hyperimmune serum treatment, and the macrophages were overlaid with mouse embryonic cells in methyl cellulose medium. Plaques appearing in this target cell monolayer were counted after 2 days.
Adsorption of HSV-2 to macrophages. The adsorption of HSV-2 to macrophages was assessed as previously described (16) . Macrophage cultures were prepared as described above and infected with 2 x 104 PFU of HSV-2. After 60 min of adsorption, the original inoculum was diluted in 20 ml of cold medium and assayed for virus. Silica pretreatment. A silica suspension of 15 mg/ml was prepared as previously described (20) . Mice were inoculated intravenously with 0.2 ml (3 mg/mouse) 2 h before the virus inoculation.
Immunological reconstitution of nude mice. Thymus tissue from 3-day-old nu/+ and 8-week-old BALB/c mice was disintegrated in a glass homogenizer in RPMI 1640 medium with 5% fetal calf serum, 10 IU of heparin, and antibiotics and passed through a few layers of gauze. The cells were washed twice in RPMI 1640 medium and adjusted to 106 viable cells per ml.
The lymphocytes were inoculated i.p. in 1-day-old nu/nu mice in a volume of 0.2 ml.
The proportion of T lymphocytes in lymph nodes of reconstituted mice and control mice was assessed by a cytotoxicity test. Cervical lymph nodes were processed as described above for thymus tissue, and the cell suspension was adjusted to about 5 
RESULTS
In normal specific-pathogen-free-maintained mice no spontaneous liver lesions have ever been detected. However, during these experiments a total of four nude mice, all aged 6 weeks or more, showed liver lesions at autopsy that differed from the ordinary experimental HSV-2 lesions. This constitutes 2.9% of the total number of mice used and 6.7% of mice aged 6 weeks or more, a frequency of spontaneous liver lesions of an order found by others (25) . Both macroscopically and microscopically the lesions were similar to those described for mouse hepatitis virus infection in nudes by Ward et al. (27) . All four mice were excluded from the experiments. Susceptibility of nu/nu, nu/+, and BALB/c mice to HSV-2 hepatitis. Groups of nu/nu, nu/+, and BALB/c mice of varying ages were inoculated i.p. with 106 PFU of HSV-2. Scoring of liver lesions 4 days after infection revealed that from the age of about 5 weeks the nude thymus-aplastic mice were considerably more resistant than normal littermates (nu/+) or BALB/c mice to the induction of hepatitis by HSV-2, as judged by the number of necrotic foci sponding to this, virus titer levels in nude mice beyond the age of 5 weeks were either below the detection limit (10 PFU/0.1 g) or low in most animals (Fig. 2) .
Course of infection in nu/nu, nu/+, and BALB/c mice. Groups of 6-week-old nu/nu, nu/+, and BALB/c mice were killed at daily intervals after infection for further analysis of the course of infection. Liver lesions developed in nu/+ and BALB/c mice as previously described (16) , becoming visible on day 3 and reaching a final size of about 1 mm in diameter on days 4 to 5. On the other hand, only 6 out of 21 nude mice showed a few tiny lesions on the liver margin. The virus titers obtained in the livers revealed fundamental differences between nude and normal mice (Fig. 3) . In normal mice, increasing amounts of virus were recovered from the liver during the first 4 days of the infection, followed by an abrupt decrease from day 5 onward, so that most mice were free of detectable virus on days 6 and 7. Contrary to this, virus titers obtained in livers of nude mice were low during the first 5 days of infection, but in these mice virus titers increased during the last 2 days of the experiment. It was not possible to follow the course of infection beyond day 7 because both nude and normal mice of this age and with the virus dose used died from ascending myelitis or encephalitis between days 7 and 10 after infection. Virus growth curves from the brain of nude and normal mice were, in agreement with this, fundamentally alike, with virus first appearing in the brain of some mice on day 5 and showing increasing virus titers on the following days (Fig. 4) .
Histological examinations. During the course of infection, the development of liver lesions was followed in all groups of mice by histological examination of the livers from each day of the experiment. In BALB/c and nu/+ mice the microscopic development of the lesions was quite comparable to earlier descriptions (20, 21) , whereas regular lesions were absent in nude mice infected at 6 weeks of age. The livers of nude mice examined at any day of the experiment were further characterized by a general Kupffer cell proliferation. In some sections sparse infiltration with mononuclear cells was also present in the nude mice. The infiltrations, consisting of 5 to 10 cells per focus, were often located around a few degenerated liver cells. Histological examinations of nude mice infected at 3 weeks of age, at which time of life macroscopic lesions are induced, revealed, however, that at this age the histological picture of the lesions 4 days after infection was quite comparable to the findings in nu/+ and BALB/c mice.
Replication of HSV-2 in macrophages from nu/nu, nu/+, and BALB/c mice. Mac- rophages were harvested from the peritoneal cavity of 6-week-old nu/nu, nu/+, and BALB/c mice. No difference was found in the total number of peritoneal cells obtained from the three types of mice; neither was there any difference in the relative number of lymphocytes and macrophages recovered (Table 1 ). The cells were plated on plastic petri dishes in a concentration of 5 x 105 macrophages per dish. After 1 h of adsorption at 370C, a marked difference between the three types of cultures was seen by phasecontrast microscopy. BALB/c and nu/+ macrophages were still rounded, although they were phase-dark with a very few spindle-shaped cells in between. Nude macrophages, on the other hand, showed a much higher degree of "spreading," with most of the cell being phase-dark and spindle-shaped. After 24 h of incubation, this difference had disappeared and the cultures were indistinguishable from each other, with the majority of cells being phase-dark and spindleshaped.
The replication of HSV-2 in such macrophage cultures was assessed by an infectious-center assay, with the number of plaques appearing in a mouse embryonic cell overlay representing the number of macrophages that had replicated the virus efficiently. The number of infectious centers in five such cultures from nu/nu mice was from 40 to 72 (mean, 54 ± 13), whereas the number in nu/+ and BALB/c cultures ranged from 128 to 191 (mean, 166 ± 23) and 141 to 187 (mean, 161 + 17), respectively. The restriction of HSV-2 replication in macrophages from nude mice was thus three times as high as that in macrophages from normal mice ( Table 1) .
The difference in the yield of infectious centers in macrophage cultures from normal and athymic mice was not due to differences in the adsorption of the virus to macrophages. min of adsorption, the amounts of virus that was lost from the supernatant medium and could not be washed off the cells were 29.0% (nu/nu), 26.5% (nu/+), and 31.5% (BALB/c), respectively, of the inoculum (Table 1) .
Effect of silica on HSV-2 hepatitis in nude mice. In previous studies, silica has been found effective in blocking the macrophage restriction of HSV replication in livers of mice (19, 20) . Therefore, it was investigated whether the augmented resistance of nude mice could be abolished by silica treatment. Five mice received 3 mg of silica intravenously 2 h before receiving the virus i.p. After 4 days of infection it appeared that blockade of the macrophages had rendered nude mice almost as susceptible to HSV-2 liver infection as were normal mice (Fig. 5) .
Susceptibility of T-cell-reconstituted nude mice to HSV-2 hepatitis. Newborn nude mice received a mixture of about 2 x 107 thymocytes from 3-day-old nu/+ and 8-week-old BALB/c mice. The reconstituted mice were reared behind specific-pathogen-free barriers and developed normally. control nude mice; nu/+, control heterozygous littermates; nu/nu + S, nude mice receiving 3 mg of silica intravenously 2 h before infection; nu/nu + R, nude mice immunologically reconstituted at birth with thymus cells. Each point represents one mouse. Liver lesions were graded semiquantitatively from 0 to 4. reconstituted mice were found to be just as susceptible to the induction of hepatitis by HSV-2 as were normal mice, as judged by the mean score of liver necrosis and virus titers reached in the livers (Fig. 5) .
The functional ability of the T-cell graft to reconstitute nude mice was assessed by measuring the relative number of anti-Thy 1.2 serumsensitive lymphocytes in peripheral lymph nodes at autopsy. The reconstituted nude mice showed from 29 to 50% (mean, 38 ± 7) Thy 1.2-positive lymphocytes as compared with from 45 to 61% (mean, 55 + 6) in nu/+ mice. Two non-reconstituted nude mice showed 4 and 6% dead lymphocytes in this test. DISCUSSION This study was undertaken to examine a previously reported high resistance of nude mice to the induction of focal necrotic hepatitis by HSV-2 (17). This resistance was at first very surprising in view of the immunodeficiency of these mice.
A genetic basis for the resistance, similar to that described for the GR mouse strain (18) , could be rejected. The nude mice were more resistant than congenic mice of the background strain and heterozygous littermates, differing only in the genetic constitution from the nudes by the nu gene. Another possible explanation, namely, that the lesions in normal mice are mediated immunopathologically by T lymphocytes (8) , was also rejected, since weanling nudes were just as susceptible to infection as were normal mice. Only mice aged 5 weeks or older were more resistant than normal mice.
Macrophage restriction of virus replication has been found important in other aspects of mouse resistance to HSV (14, 16, (18) (19) (20) . Furthermore, reports on the role of activated macrophages in resistance of nude mice to other pathogens (5, 10, 29) stimulated an investigation of the handling of HSV-2 by peritoneal macrophages from nude mice. First of all, macrophages from 6-week-old nude mice showed accelerated spreading after 1 h in culture, as compared with macrophages from normal mice, a well-accepted characteristic of activation (1, 22) . This was also found by Zinkernagel and Blanden (29) . Another sign of macrophage activation in nude mice was the general Kupffer cell proliferation in the liver seen microscopically. Despite the obvious signs of activation of macrophages from nudes, no difference in the total cell number or macrophage percentage in peritoneal washings from the various groups of mice was noted. This is also in agreement with the findings of others (5, 23) .
Assessment of the replication of HSV-2 in macrophage cultures revealed that restriction of Studies of the virus growth in the liver of nu/nu, nu/+, and BALB/c mice revealed that the superiority of nude macrophages in sustaining virus multiplication in the liver is only temporary. From day 5 onward a dramatic decrease in the amount of virus recovered from livers of normal mice occurs, probably mediated by recruitment and activation of macrophages triggered by specifically sensitized T lymphocytes (24) . On the other hand, in nudes, virus titers seemed to increase during the same period, suggesting that the immune, thymus-dependent response is necessary for the final elimination of the infectious process. These data are in agreement with the observations of Zinkernagel and Blanden (29) , who found that the elimination of L. monocytogenes from the tissue of thymectomized mice was impaired from days 3 to 6 of infection. Similarly, Emmerling et al. (9, 10) found that nude mice showed increased resistance to L. monocytogenes during the initial phase of infection, but this was followed by continued infection with a chronic trend not seen in normal mice.
Explanations for the development of activated macrophages in nude mice have been dealt with by others (5, 15, 23, 29) . Most authors point to the role of an increased bacterial gut flora, maybe because of the inability of these mice to produce immunoglobulin A (7). It has been shown that nude mice have poorly developed Peyer patches and a low level of gut immunoglobulin A plasma cells (12 
